In relation to design of reduced-moderation water reactor (RMWR), a candidate for the future reactor, studies on the applicability of existing constitutive equations in subchannel analysis codes to the thermal design of a tight reactor core are being carried out at Japan Atomic Energy Agency (JAEA). The RMWR core adopts a tight hexagonal lattice arrangement with about 1 mm gap between adjacent fuel rods. In view of the importance of accurate prediction of cross flow between subchannels in the evaluation of the boiling transition (BT) in the RMWR core, this study aims at numerically simulating cross flow between subchannels in the RMWR by the TPFIT code using advanced interface-tracking method, statistically evaluating the simulation results, clarifying mechanisms of cross flow, and then developing a correlation for cross flow.
NUMERICAL INVESTIGATION OF CROSS FLOW PHENOMENA IN
In relation to design of reduced-moderation water reactor (RMWR), a candidate for the future reactor, studies on the applicability of existing constitutive equations in subchannel analysis codes to the thermal design of a tight reactor core are being carried out at Japan Atomic Energy Agency (JAEA). The RMWR core adopts a tight hexagonal lattice arrangement with about 1 mm gap between adjacent fuel rods. In view of the importance of accurate prediction of cross flow between subchannels in the evaluation of the boiling transition (BT) in the RMWR core, this study aims at numerically simulating cross flow between subchannels in the RMWR by the TPFIT code using advanced interface-tracking method, statistically evaluating the simulation results, clarifying mechanisms of cross flow, and then developing a correlation for cross flow.
The TPFIT code was applied to simulation of steam-water two-phase flow in modeled two subchannels of tight-lattice rod bundle. The smallest gap clearances between adjacent fuel rods are 1.3 mm or 1.0 mm. The flow area is divided into two channels by flat plate of the thickness of 0.3mm. At the center of the flat plate, there is a narrow slit called as the cross flow section, through which the channels are connected. Six cases, three for the gap clearance of 1.3 mm and three for that of 1.0 mm, are simulated through varying inlet flow rates of two phases in the subchannels.
Statistical assessment of numerical simulation results by the TPFIT code was preformed in this study. The effects of flow patterns, the pressure distribution near the gas-liquid interface, and the calculation time step on the evaluation of correlation functions of pressure differential and gas/liquid mixing coefficients, were extensively investigated. The obtained results are as follows: a)it was confirmed that there exist strong correlations between pressure differential and gas/liquid mixing coefficients, and the pressure differential between subchannels is the dominant mechanism for cross flow; b)liquid cross flow occurs locally and its time lag* is negligibly small; c)gas cross flow occurs across the whole cross flow section, and its time and space lags** are relatively large and are related to inlet flow rates in subchannels, although its local time and space lags may also be negligible.
INTRODUCTION
An innovative Water Reactor for FLexible fuel cycle (FLWR) was selected as one of the next generation reactors to design at Japan Atomic Energy Agency (JAEA) (Ohnuki, et al., 2005) . Based on the current well-matured boiling water reactor (BWR) technology, the FLWR is supposed to be able to effectively utilize the uranium and plutonium resources through achievement of a high conversion ratio (more than 1.0) and a high discharge burn-up with plutonium mixed oxide (MOX) fuel (Okubo, et al., 2003) . Such a high conversion ratio can be attained by reducing water fraction and consequently lessening moderation of neutrons in the core. Therefore, a tight triangular lattice arrangement of fuel rods with the smallest gap spacing of about 1.0 mm is adopted in the design stage of the FLWR core. On the other hand, increasing in-core void fraction is another option to reduce water fraction, and thus a high void fraction more than 70% as average is required as well for achievement of a high conversion ratio more than 1.0. These requirements make the cooling situation severe and bring up the question of thermal hydraulic feasibility in the core. In view of this, JAEA has started a R&D project to investigate thermalhydraulic performance in tight-lattice rod bundles for the FLWR in collaboration with power companies, reactor suppliers and universities since 2002.
As known, many constitutive or empirical equations developed based on experimental data were used in the existing subchannel analysis codes. However, the applicability of these equations to the design of the FLWR core with the tight lattice arrangement may be questionable due to the gap spacing between adjacent fuel rods in the FLWR core being out of the applicable ranges of these equations. Therefore, new experimental data are needed to validate the existing constitutive equations or to newly develop them for the FLWR. However, it may be infeasible economically to perform expensive full mock-up experiments to investigate all thermal-hydraulic characteristics in the design stage in consideration of the large scale of the FLWR core with tight arrangement of fuel rods. This leads to a design method called "Design-by-Analysis" (Yoshida et al., 2004) . It emphasizes the role of numerical approaches. By combining three-field subchannel analysis codes with newly developed constitutive equations and state-of-the-art two-phase fluid computational dynamics, improved numerical approaches are supposed to be able to replace high cost experiments partially or totally, to benefit from a shorter development period and to facilitate a wide spectrum of design optimization (Ninokata, 2006) .
In view of the importance of accurate prediction of cross flow between subchannels in the evaluation of the boiling transition (BT) in the FLWR core, the purpose of this study is to numerically simulate the cross flow by the TPFIT code using advanced interface-tracking method, to statistically evaluate the simulation results, and to clarify the mechanisms of cross flow for later developing a model.
NUMERICAL INVESTIGATION OF CROSS FLOW 2.1 Modeled Two Subchannels
The simulated region in a rod bundle for the FLWR is schematically shown in Fig. 1 . The smallest gap spacing between two adjacent fuel rods is 1.3 mm or 1.0 mm. Figure 2 
Numerical Simulation Using Advanced
Interface-tracking Method A two-phase flow simulation code (named TPFIT) with advanced interface tracing method has been developed at JAEA (Yoshida et al., 2004) . The one-fluid model based on the method of volume of fluid (VOF) (Harlow and Welch, 1965) for description of two-phase flow was adopted in the TPFIT code. Basis equations consist of mass, momentum and energy conservative equations for compressible flow, together with transport equations for volume fraction of gas and liquid phases, as below: Mass:
where u i and x i are the velocity and coordinate for i direction, respectively. The density of gas and liquid mixture, ρ, can be expressed as a function of the volume fractions, f g and f l , as well as the densities, ρ g and ρ l , of gas and liquid, as below
where f g and f l satisfy 1
Momentum:
where p denotes pressure, g i the gravitational force and σ i the surface tension along the i direction. τ ij stands for the shear stress tensor; Energy: 
where e represents the internal energy, λ the thermal conductivity, T the temperature, and q the heat flux. Transport equations of volume fraction:
and
The momentum and energy equations are solved by a cubic interpolated pseudo-particle (CIP) method (Yabe, 1991 ). An incomplete Cholesky conjugate gradient (ICCG) method is used to solve the Poison equation of static pressure. The staggered grid in the Cartesian coordinate system is used as the discretization scheme in the TPFIT. Surface tension in the momentum equation is estimated by use of the CSF model (Brackbill, 1992) . The volume fractions of gas and liquid are calculated by an improved interface tracking method (Yoshida, 2003) to reduce numerical diffusion of volume fraction.
Simulation results
The TPFIT code was used to simulate two-phase flow in the modeled subchannels. The grid interval of each direction is equal to 0.1 mm, i.e. ∆x=∆y=∆z=0.1 mm as shown in Fig. 2 , except for the 80mm-long developing section from the bottom with ∆z=0.2 mm. In the case of mixing section length of 20 mm, the grid numbers are 60×130×1000 and 56×122×1000 for the gap clearances of 1.3 and 1.0, respectively. Six cases, three cases for the gap spacing of 1.3 mm and three for that of 1.0 mm, were simulated. Water and vapor were used as working fluids under the conditions of pressure of 7.2 MPa, temperature of 556.15 K and mass flux of 400 kg/m 2 s. As tabulated in Table 1 , outlet void fraction ranged from 0.24 to 0.44, flow pattern from bubbly-slug to slug-churn, and gas inlet velocity from 1.00 to 2.83 m/s. Liquid inlet velocities almost kept constant to 0.70 m/s. As listed in the table, for comparison three cases for the 1.0 mm gap spacing have the same flow parameters as those for the 1.3 mm gap spacing.
As an example, the simulation results by the TPFIT for Case 1-3-1 during the time from 0.7525 s through 0.7625 s with a 2.5 ms interval were shown in Fig. 3 . It illustrates that the course of a gas cross flow from channel 1 to channel 2 spans the whole mixing section along the axial direction, there is a time lag for gas phase to finish the whole process of cross flow, and concurrently a certain amount of gas phase in channel 2 will flow into channel 1 to fill up the space left behind after the gas cross flow from channel 1 to channel 2. Based on the simulation results, it is supposed that that instantaneous differential pressure between two subchannels may cause cross flow, although its time average is almost close to zero from the simulation results. Moreover, it's obvious that a certain distance in the axial direction of the mixing section and a time interval are necessary for gas phase to finish the whole process of cross flow. Figure 4 (a) is an illustration of gas cross flow based on the simulation. The distance in the axial direction for gas cross flow may be called the mixing length of gas cross flow. Accompanied with gas phase, a certain amount of liquid phase is also supposed to fill up part of the space left behind after the gas cross flow from channel 1 to channel 2. However, in the conventional volume-for-volume exchange model (Lahey, 1993) , as illustrated in Fig.  4 (b), gas cross flow was dealt with in the similar way as liquid cross flow. For instance, it was assumed 
Fig. 4 Comparison of (a) schematic of cross flow based on simulation results with (b) volume-for-volume
exchange model (Lahey, 1993) In view of this, statistical methods will be introduced in the following section to further clarify the mechanism of cross flow.
STATISTICAL METHOD 3.1 Definition of Correlation Coefficient Function
For two continuous stationary (ergodic) processes {x(t)} and {y(t)}, the correlation coefficient function (CCF), ρ xy , is defined as (Bendat and Piersol, 1980) 
where τ and R xy represent the time delay and the cross-correlation function between x(t) and y(t) respectively. µ x , µ y , and R xx as well as R yy the average values and the autocorrelation functions of x(t) and y(t), respectively. The cross-correlation function, R xy , is expressed as
where E is the expectation, N the number of data used for calculation, ∆t the sampling interval, and k the lag steps satisfying the equation τ=k∆t. The autocorrelation functions, R xx and R yy , in Eq. (8) can be calculated in the same way if y and x in Eq. (9) are replaced by x and y, respectively. CCF is an indicator of linear relationship between two processes {x(t)} and {y(t)}, its value ranging from 0 to 1. The value 1 means that a linear relationship holds for the two processes.
Application of CCF to Analysis of Cross Flow
CCF was applied to analyze the simulation results of cross flow. The differential pressure between two subchannels, ∆p, was taken as the process {x(t)}, the gas or liquid mixing coefficient as {y(t)} in the preceding section. The gas and liquid mixing coefficients are defined as
where w m stands for the cross flow rate between two subchannels, G k,ch1 and G k,ch2 the mass fluxes of subchannel 1 and subchannel 2, respectively. k denotes the liquid (l) or gas (g) phases.
As known, CCF can be calculated by either the direct calculation method or the discrete Fourier transform method.
The comparison of two calculation methods is shown in Fig. 5 . The results by two methods overlapped each other. Therefore, it's confirmed that either method can be used to calculate CCF. Usually, for a large data number (N>1024 and k>100 in Eq. (9)), the calculation speed 15th International Conference on Nuclear Engineering Nagoya, Japan, April 22-26, 2007 ICONE15-10082
Copyright © 2007 by JSME 5 of the discrete Fourier transform is faster than that of the direct method. Figure 6 shows the effect of calculation data number on the value of CCF. There are slight differences between the result of using 600 data number and that of using 1200 data number for calculation of CCF. Strictly speaking, the number of data should be infinite in evaluation of CCF for the stationary process (Bendat and Piersol, 1980) . However, the number will always be finite and the limiting operations in Eq. (9) can never be realized in practice. It follows that the average values of the data can only be estimated and never computed exactly. In addition, since the data for gas cross flow present periodic components, they may not satisfy the ergodic theorem, which states that, for stationary data, the properties computed from time averages over individual records of the ensemble will be the same from one record to the next and will equal the corresponding properties computed from an ensemble average over the records at any time (Bendat and Piersol, 1980) . In view of the above reasons, 600 and 1200 data are used for calculation of local and general properties of cross flow in this study, respectively.
Before the calculation of CCF, some unreliable pressure data near the liquid/gas interface should be removed due to the default of the interface-tracking method that the pressure values near the interface may not be evaluated accurately. Figures 7 (a) and (b) show the pressure and void fraction profiles before filtering, respectively. It is apparent that there exist some peaks near the interface in the pressure profile. A filter shown in Fig. 7 (c) was used to remove these unreliable pressure data. If the interface locates in a mesh (i, j), for instance, the pressure values in the neighboring 3×3 meshes are removed. The filtered pressure data as shown in Fig.  7 (c) were used for calculation of differential pressure between two subchannels.
Then the next problem is how to evaluate the differential pressure between two subchannels. Usually in the experiments, differential pressure is measured between two points, e.g. points A and B shown in Fig. 8 . Three ways for the evaluation of differential pressure were considered and compared in Fig. 9. Figures 9 (a) and (b) show that using the average differential pressure of the whole mixing section results in the different values of CCF from those using differential pressure between points A and B, and using average differential pressure of the central cross-section. In addition to this, lag time (abscissa of the coordinate of the peak on a curve) is minus for liquid cross flow, which means that the variation of differential pressure is later than or follows after that of liquid cross flow. Moreover, for Case 1-3-1, the values of CCF are very small, meaning that there are no correlation between differential pressure and gas/liquid cross flow rates. Since these ways to evaluate the differential pressure may not disclose the axial characteristics of cross flow, therefore, the mixing section were divided into four blocks along the axial direction, as illustrated in Fig. 8 . CCF was calculated between the average differential pressure and gas (or liquid) cross flow rate of each block. The results were shown in Fig.  10 , revealing that the CCF for gas cross flow varies along the axial direction and its maximum appears at the outlet of the mixing section. For liquid cross flow, the values of CCF along the axial direction are relatively large and almost close to unit. It appears that there exist a strong correlation between differential pressure and liquid cross flow rate in each block, and thus it may be concluded that liquid cross 1-1-1
Fig. 12 Effect of gap spacing on characteristics of cross flow
flow occurs on the spot as a result of differential pressure between two subchannels.
RESULTS AND DISCUSSION

Effect of Flow Pattern on Cross Flow
For three cases, case 1-1-1, case 1-2-1 and case 1-3-1, with the gap spacing of 1.3 mm, flow pattern ranges from bubbly-slug to slug-churn. The results of CCF between differential pressure and gas as well as liquid cross flow rates are shown in Fig. 11 (a) and (b). The coordinates of peaks on the curves in Figs. 11 (a) and (b) were shown in Fig. 11 (c) , illustrating that for liquid cross flow there is no difference in lag time between three cases, although the values of CCF decrease from case 1-1-1 to case 1-3-1, however, for gas cross flow the lag time decreases from case 1-1-1 to case 1-3-1. In other words, there are no effects of flow pattern on lag time for liquid cross flow, however for gas cross flow the lag time decrease with increase of gas inlet velocity from the bubbly-slug flow pattern to that of slug-churn. The reason for this may be explained as follows: since liquid cross flow occurs locally, there is difference in the lag time between difference flow patterns; however, since gas cross flow has space and time delays, the axial properties of gas cross flow may be dominated by the velocity of main flow in the mixing section.
Effect of Gap Spacing on Cross Flow
For three cases, case 1-4-1, case 1-5-1 and case 1-6-1, with the gap spacing of 1.0 mm, the effects of flow patterns on the values of CCF were shown in Fig.  12 in the same way as in Fig. 11 . The results for the gap spacing of 1.3 mm as already shown in Fig. 11 (c) are also plotted in Fig. 12 (c) for comparison with the results for the gap spacing of 1.0 mm. Solid symbols connected by a solid line denote the results for the gap spacing of 1.3 mm. Open symbols connected by a dash line represent the results for the gap spacing of 1.0 mm. Figure 12 (c) discloses that for liquid cross flow, there is almost no difference in lag time between 1.3 mm gap spacing and 1.0 mm gap spacing, whereas for gas cross flow the value of CCF for case 1-4-1 is smaller than that for case 1-1-1 and the effect of flow pattern on the values of CCF for gap spacing of 1.0 mm is different in slope with those for gap spacing of 1.3 mm.
Effect of Inlet and Outlet on Cross Flow
As already noted in Fig. 10 , the value of CCF for gas cross flow along the axial direction varies for each block. The value of CCF is small in blocks near the inlet of the mixing section and reaches the maximum in the block near the outlet, and appears to be affected by the inlet and outlet of the mixing section. In order to make clear the effect lengths of inlet and outlet of the mixing section on cross flow, the length of the mixing section for case 1-2-1 were Under the same flow conditions as in the case 1-2-1, a new case was simulated and named case 1-2-2. Eight blocks are divided along the axial direction from the inlet of the mixing section as shown in Fig. 13 . Figure 14 shows the axial distribution of the time average values of gas/liquid cross flow rates. Since the values of the cross flow rates into and out of channel 1 are defined as being negative and positive respectively, the time averages of gas and liquid cross flow rates are close to zero as shown in Fig. 14 (a) . Figure 14 (b) depicts the axial distribution of the time averages of the absolute value of gas/liquid cross flow rates, revealing that for liquid phase the effect of inlet of the mixing section are just within Block 1, whereas for gas phase it reaches to as far as Block 5. The effect of outlet of the mixing section for both liquid and gas phases appears only in Block 8. The same results can also be observed from Figs. 14 (c) and (d), which present the axial distribution of the time averages of gas/liquid cross flow rates into and out of channel 1, respectively.
Local and General Characters of Cross Flow
The values of CCF between the differential pressure and gas cross flow rate, and those between the differential pressure and liquid cross flow rate in each block are shown respectively in Figs The local values of CCF for liquid phase are larger than 0.6 for each block, indicating the strong correlation existing between the differential pressure and liquid cross flow rate as mentioned in Section 3.2. For gas phase, however, the values of CCF vary along the axial direction, first decrease and then increase to the largest value in Block 5, where gas cross flow occurs frequently, as shown in Fig. 13 . The lag times of liquid cross flow for each block are less than 2 ms, and have an opposite tendency along the axial direction compared to those of gas cross flow. The local lag times of gas cross flow are all less than 4 ms.
From the simulation results, it is clear that gas Fig.  15 . The values of CCF for liquid phase decrease along the axial direction, which further reveals that liquid cross flow occurs locally. However, for gas phase, the values of CCF almost keep constant along the axial direction. Figure 16 (d) depicts that there is a linear relationship between the lag times of gas/liquid cross flow and the normalized height of the mixing section. The solid, dash, and dot-dash lines in the figure denote the axial average velocities of the mixture, gas phase, and liquid phase in the mixing section, respectively. Figure 16 (d) discloses that the axial properties of cross flow are dominated by the average velocity of main stream in the mixing section, and the time delay of gas cross flow may be determined from the average velocities in the mixing section.
CONCLUDING REMARKS
Numerical investigation of cross flow phenomena related to a tight-lattice rod bundle was carried out in this study. The location to calculate differential pressure between two modeled subchannels for correlation calculation, the effects of flow pattern, inlet and outlet of mixing section, and gap spacing on cross flow, and the local and general characters of cross flow were extensively investigated. The main obtained results are as follows: 1. There exist strong correlation between differential pressure and gas/liquid mixing coefficients, and mechanistically, cross flow results mainly from differential pressure between subchannels; 2. Liquid cross flow occurs locally and its time lag is negligibly small (less than 2 ms); 3. Gas cross flow, however, occurs across the whole mixing section, and propagates downstream with main stream in the mixing section. The time and space lags are relatively large and can be determined from average velocities in mixing section. The local properties may be negligible as well. Based on this study, it is expected that time and space lags are required to take into account in subsequent modeling (e.g. in form of mixing length of gas cross flow). Further numerical simulation calculations may be needed for other gap spacing, flow patterns, and longer mixing sections in order to obtain parametric tendencies.
